Aims This study examined the contribution of transmissible risk, in conjunction with family and peer contextual factors during childhood and adolescence, on the development of cannabis use disorder in adulthood. Design The family high-risk design was used to recruit proband fathers with and without substance use disorder and track their sons longitudinally from late childhood to adulthood. Setting The families were recruited under the aegis of the Center for Education and Drug Abuse Research in Pittsburgh, Pennsylvania. Participants The oldest son in the family was studied at ages 10-12, 16, 19 and 22 years. Measurements The transmissible liability index (TLI), along with measures of quality of the parent-child relationship, cooperative behavior at home, social attitudes and peer milieu were administered to model the developmental pathway to cannabis use disorder. Findings Affiliation with socially deviant peers and harboring non-normative attitudes (age 16) mediate the association between transmissible risk for substance use disorder (SUD) (age 10-12) and use of illegal drugs (age 19), leading to cannabis use disorder (age 22). Conclusions Deviant socialization resulting from transmissible risk and poor parent-child relationship is integral to development of cannabis use disorder in young adulthood.
INTRODUCTION
Externalizing behavior during childhood progresses frequently to social deviancy and delinquency during adolescence [1] and antisocial personality disorder in young adulthood [2] . Externalizing behavior is also the most ubiquitous predisposing characteristic and correlate of substance abuse and substance use disorder (SUD) [3] [4] [5] [6] [7] [8] .
Commensurate with findings showing that attention deficit hyperactivity disorder (ADHD), conduct disorder and antisocial personality disorder in adulthood share a significant genetic variance with risk for SUD [9, 10] , it has been demonstrated that the variety of SUDs can be ordered on a latent trait measuring externalizing disorder severity [11] . The SUDs located towards the left pole (less severe disorders) are consequent to consumption of legal drugs (e.g. alcohol, tobacco), whereas SUDs consequent to using illegal drugs are located towards the right pole (more severe disorders) on the externalizing trait. These findings indicate that the use of illegal drugs and associated SUDs are integrally related to low adherence to societal norms; however, numerous other psychological characteristics, particularly disturbances in emotion regulation and cognition, also amplify risk for SUD [12, 13] .
Up to 100% of genetic variance and up to 80% of phenotypic variance are congenerous to risk for all categories of SUD [14, 15] . Accordingly, the psychological characteristics predisposing to SUD are largely common across all diagnostic categories. Thus, contrary to the gateway hypothesis, which asserts that unique factors are associated with use of each particular compound [16] , the evidence points instead to primarily shared psychological characteristics.
Based on genetic and biobehavioral evidence documenting common liability (see [17] for review), Vanyukov and colleagues proposed an innovative strategy involving the use of item response theory methodology [18] to quantify on a continuous interval scale the transmissible component of risk for all SUDs. Notably, the transmissible liability index (TLI) derived by Vanyukov and colleagues [19] has been shown to have excellent psychometric properties, including discriminative and predictive validity [19, 20] . Significantly, a modified version of the TLI using the variables contained in the National Epidemiological Survey of Alcohol and Related Conditions (NESARC) predicts all SUD categories [21] . Moreover, studies conducted on twins have revealed that up to 85% [19] of variance on the TLI is accounted by heritability. Among youths who develop cannabis use disorder, the score on the TLI increases linearly in severity from the time of first cannabis use to diagnosis [22] .
Based on many studies showing genetic, phenotypic and developmental overlap between SUD and antisociality, it was hypothesized that non-normative socialization mediates the association between transmissible risk in childhood and cannabis use disorder in adulthood. Deviant socialization, manifested during adolescence as affiliation with norm-violating peers and harboring nontraditional attitudes, was theorized to result from three correlated influences during childhood: (i) individual predisposition (transmissible risk) for SUD; (ii) quality of the parent-child relationship; and (iii) childhood propensity for prosocial behavior indicated by cooperatively performing household tasks. Numerous studies have shown that a poor relationship with parents is associated with consuming illegal drugs, delinquency and affiliation with socially deviant peers during adolescence [23] [24] [25] [26] [27] [28] [29] [30] . Moreover, harboring unconventional attitudes has also been reported frequently in substance-abusing youths [23, 28] . However, it has not yet been determined whether these latter indicators of deviant socialization mediate the relation between transmissible risk and SUD outcome. Demonstrating that cannabis use disorder is the outcome of non-normative socialization determined by psychological disposition having a largely genetic basis, in conjunction with quality of the parent-child relationship, has important ramifications for SUD prevention. Specifically, rather than emphasizing desistence from drugs as the primary focus of prevention, it would appear that potentiating normative socialization by inculcating attitudes and behaviors that conform to societal mores and laws would reduce the propensity to initiate consumption of substances having abuse potential.
METHODS

Subjects
Probands were adult men who had a 10-12-year-old biological son and either qualified for a life-time diagnosis of SUD concomitant to use of an illegal drug or had no adult-onset psychiatric disorder. Eighty per cent of the SUD + fathers were recruited via public service announcements, advertisement and a market research company that conducted random-digit dialing. The oldest 10-12-year-old son in each family (n = 500) participated in this longitudinal study. The sample at baseline consisted of 250 boys having SUD + fathers and 250 boys having SUD -fathers. At the time of recruitment, the biological sons of the SUD +/-men underwent a physical examination, urine drug screen and intelligence evaluation using the Wechsler Intelligence Scale for Children version III revised (WISC-III-R). To qualify for enrollment in the study, the boys were required to be in good health, drug free and have at least low-normal intelligence. Follow-up evaluations were conducted when the boys attained 16, 19 and 22 years of age. A total of 254 boys participated in the age 22 follow-up. The remainder from the baseline sample of 500 either declined participation (n = 154) or had not yet attained 22 years of age (n = 92) at the time this report was prepared. Comparisons between subjects retained and attrited at the age 22 follow-up when they were 10-12 years of age (baseline evaluation) did not reveal systematic differences. Socioeconomic status using Hollingshead criteria was similar in retained and attrited participants (41.0 versus 38.8).
Grade in school was identical in the two groups (4.5). Ethnic distribution was also not related to attrition. The baseline sample that was retained for follow-up was 76% European American and 24% African American. 
Instrumentation
Diagnostic ascertainment
Diagnostic assessment was conducted using an expanded version of the Structured Clinical Interview for DSM-III-R (SCID) [31] . The results of the SCID in conjunction with medical, legal, psychiatric and social history information obtained from official records and other questionnaires were reviewed by a clinical committee consisting of a psychiatrist certified in addiction psychiatry (chair), another psychiatrist or clinical psychologist and the clinical associates who conducted the interviews. Following a review of all information, the committee arrived at a consensus regarding Axes I and II life-time diagnoses using the method recommended by Leckman et al. [32] . The same procedure was employed to formulate Axes I and II diagnoses in the biological fathers, biological mothers and their sons when they attained 22 years of age. The outcome variable, current diagnosis of cannabis use disorder (abuse or dependence), was present in 27% of the boys.
Transmissible liability index (TLI) (age 10-12)
Transmissible liability denotes the portion of phenotypic variance associated with risk for SUD that has intergenerational continuity. The rationale and method of deriving the TLI have been documented previously [17, 18] . In addition, construct, predictive and discriminative validity have been described [19, 20] . The TLI items, shown at http://www.pitt.edu/C EDAR/TLIdocument.html, encompass processes reflecting psychological self-regulation related to modulation of affect, behavior control and attention. Accordingly, the items measure characteristics such as irritability, arousability to aggression, control of impulses and susceptibility to distraction. In addition, the TLI items capture certain interpersonal manifestations of poor selfregulation (e.g. propensity to annoy others, defiance of authority), risk-taking, suicidal thoughts and psychological as well as physical (nailbiting) correlates of anxiety.
Parent-child relationship (age 10-12)
Items were selected from four questionnaires based on their face validity. The questionnaires were: (i) Children's Report on Parental Behavior Inventory [33] , (ii) Areas of Change Questionnaire [34] , (iii) Supervision/ Involvement Scale [35] and (iv) Family AssessmentDyadic Relationship Scale [36] . Principal components analysis of the items revealed a factor accounting for 31% of variance. Factor loadings of the items ranged from 0.30 to 0.90. The large gap between eigenvalue of the first (11.2) and second (3.71) factors, along with their ratio (3.02), points to unidimensionality. Items having factor loadings less than 0.40 were pruned from the construct. Confirmatory factor analysis (CFA) conducted on the remaining items revealed acceptable model data fit [c 2 = 137.19; d.f. = 120; P = 0.14, root mean square error of approximation (RMSEA) = 0.02]. Item response theory methods performed on the factor revealed that the item discrimination parameter was moderate [mean = 0.46, standard deviation (SD) = 0.15] and the threshold parameter was low (mean = -1.77, SD = 1.03). The alpha coefficient was 0.89. Skewness and kurtosis were 0.04 and 0.11. Before conducting the analyses, the factor scores were transformed to a Z-scale.
Cooperative behavior (age [10] [11] [12] Performing household tasks that benefit the welfare of all family members is a harbinger of normative socialization. Accordingly, the mother was queried about her son's prosocial behavior at home. She responded to three questions administered in an interview: (i) 'If you ask him to do something around the house, can you be sure it will get done without your having to watch or check on him?'; (ii) 'Does he help clean up and put things away when he is finished?'; and (iii) 'When you are working or doing some kind of job around the house, does he want to help or join in?'. A four-point Likert scale recorded frequency of cooperative behavior ranging from 'always' to 'never'. Alpha coefficient was 0.71. The sample obtained a mean score of 7.09 (SD = 1.58). The total score, ranging from 4-12, had skewness of 0.10 and kurtosis of 0.13. 
Normative social attitudes (age 16)
Peer environment (age 16)
The Peer Milieu Index (PMI), developed previously by Feske and colleagues [26] , measures adherence to social mores and the law by the friendship network. This 38-item self-report administered at age 10-12 is a significant predictor of cannabis use disorder at age 22 [26] .
Alpha coefficient is 0.80. The Z-transformed score in this sample has skewness of 0.10 and kurtosis of 0.13.
Consumption of illegal drugs (age 19)
Section 1A of the revised Drug Use Screening Inventory (DUSI-R) [37] recorded frequency of consumption of illegal drugs during the month prior to study participation. The score used in the analyses was computed by adding the number of occasions cannabis, amphetamines, cocaine/crack, opiates and prescription drugs without medical supervision were consumed. The log-transformed mean score in the sample was 1.38 (SD = 2.52). Skewness and kurtosis were 0.98 and -0.18, respectively.
Procedure
Written assent and written informed consent were obtained, respectively, from the boys and their parents prior to administering the research protocols. Informed consent was also obtained from the boys when they attained 19 and 22 years of age. The research protocols have been approved annually by the University of Pittsburgh Institutional Review Board since 1990. A urine drug screen was performed before the test session to ensure that the results were not confounded or biased by the acute effects of or withdrawal from alcohol or drugs. A positive result required rescheduling the participant. The assessments were conducted individually by experienced masters-level research associates in a sound attenuated room. Prior to discharge from the laboratory, the participants were debriefed and compensated for their time.
Statistical analysis
Path analysis with dichotomous outcome was conducted to model the trajectory to cannabis use disorder taking into account transmissible liability, parent-child relationship and cooperative behavior at baseline (age 10-12), normative attitudes and peer environment during midadolescence (age 16), use of illegal drugs in early adulthood (age 19) and cannabis use disorder (age 22). The method, described by West & Aiken [38] , was employed to assess mediation. The analyses were conducted using MPlus software.
In addition, the temporal sequence of the variables was tested as a causal model using Directed Acyclic Graph (DAG) analysis [39] . DAG analysis has certain advantages over the path model for analyzing the causal effects of model factors: (i) it does not assume the presence of a linear relation among the variables; (ii) it examines the relation among the variables based on their joint distributions and conditional independence; and (iii) it removes bias which could arise when a third variable is introduced between mediators and outcome. Essentially, DAG analysis involves testing the equality of two competing models: (i) a model with direct causal effects only; and (ii) a model consisting of direct and indirect effects. The likelihood ratio test is used to determine the best model data fit.
RESULTS
As can be seen in Fig. 1 Use of illegal drugs (age 19) mediates the association between peer environment (age 16) and cannabis use disorder at (age 22) (b = 0.19, t = 5.35, P < 0.001). Use of illegal drugs (age 19) also mediates the relation between normative attitudes (age 16) and cannabis use disorder (age 22) (b = 0.01, t = 3.25, P = 0.001). Furthermore, normative attitudes (age 16) mediate the association between the parent-child relationship (age [10] [11] [12] and use of illegal drugs (age 19) (b = 0.02, t = 2.27, P = 0.023). Moreover, the use of illegal drugs mediates the association between parent-child relationship (age 10-12) and cannabis use disorder (age 22) (b = -0.03, t = -1.98, P = 0.048).
Affiliation with deviant peers (age 16) is predicted directly by the quality of the parent-child relationship 4-6 years earlier. Peer environment does not mediate the association between the quality of the parent-child relationship and use of illegal drugs on development of cannabis use disorder. Peer environment, however, mediates the association between cooperative behavior in childhood and the use of illegal drugs (b = 0.02, t = 2.37, P = 0.018) and cannabis use disorder (b = 0.02, t = 2.16, P = 0.031).
Both normative attitudes (b = -0.02, t = -2.28, P = 0.023) and peer environment (b = 0.04, t = 3.00, P = 0.003) in mid-adolescence mediate the association between transmissible liability in childhood and the use of illegal drugs in young adulthood. Peer environment, but not normative attitudes in mid-adolescence, mediate the association between transmissible liability in childhood and cannabis use disorder at age 22 (b = 0.04, t = 2.56, P = 0.01).
An alternative model was also tested in which the variable measuring cooperatively performing household tasks was deleted. A reasonable model data fit was Competing models were also tested using DAG analysis. The results of this analysis point to the importance of indirect effects on development of cannabis use disorder. Specifically, development of cannabis use disorder at age 22 is contingent upon normative social attitudes and peer environment, given the presence of illicit drug use at age 19 (likelihood ratio = 6.35, d.f. = 2, P = 0.04), In addition, cannabis use disorder at age 22 is contingent upon all the variables measured at age 10-12, given the presence of social attitudes and peer affiliations at age 16 and the use of illegal drugs at age 19 (likelihood ratio = 7.74, d.f. = 3, P = 0.05). Considering these findings in aggregate, it can be concluded that a model taking into account direct and indirect effects is better-fitting than a model consisting only of direct effects. 
DISCUSSION
To summarize briefly, transmissible liability for SUD correlates with the quality of the parent-child relationship and cooperative performance of household tasks. Moreover, transmissible liability and the quality of the parentchild relationship, but not the child's cooperative behavior, predict normative social attitudes at age 16 which, in turn, predicts the use of illegal drugs at age 19 leading to cannabis use disorder at age 22. Transmissible liability, the quality of the parent-child relationship and cooperative behavior at home predict affiliation with deviant peers which, in turn, predicts the use of illegal drugs leading to cannabis use disorder. The full model has an excellent fit to the data. The quality of model data fit is, however, reduced when cooperative behavior is excluded from the model. Thus, a low propensity for cooperatively performing tasks at home during childhood, a harbinger of deviant socialization, is integral to development of cannabis use disorder. This finding complements results obtained by Eiden et al. [40] , showing that low social competence in children is associated with both deficient parenting and psychological dysregulation.
Promoting cooperative behavior in children would thus appear to be an important component of familybased interventions directed at preventing SUD. However, considering that cooperative behavior is correlated with the psychological characteristics comprising transmissible risk for SUD, as well as the quality of the parentchild relationship, it is essential to deploy a multi-faceted intervention strategy. Family-orientated SUD prevention is, however, complicated by the fact that by definition the severity of transmissible risk is correlated between children and parents. Hence, parents evincing a high transmissible risk for SUD (e.g. behavior under-control, emotion volatility, poor attention control) are not only likely to have children with the same disposition, they also are likely to qualify for SUD diagnosis and other Axes I and II psychiatric disorders. Thus, consolidating a positive relationship with their children is impeded by the conjoint influence of SUD and comorbid disorders in addition to psychological dysregulation intrinsic to transmissible risk. Accordingly, high transmissible risk for SUD in parents and children potentiates a poor quality relationship, thereby biasing the child's development toward non-normative socialization.
Clinical application
Psychological dysregulation, the cardinal feature of high transmissible SUD liability, has been theorized to originate from a dysfunction of neural systems in the frontallimbic region [13] . Youths at high risk for SUD exhibit cortical hypoactivation that appears to be circumscribed to the frontal region [41] . Paralleling this finding, Bauer & Hesselbrock [42] demonstrated that attenuation of the P300 wave of the event-related potential in high-risk youths is most pronounced over frontal cortex. These findings raise the intriguing possibility that interventions which enhance frontal cortex functioning, thereby augmenting psychological self-regulation, may lower the risk of developing SUD. Significantly, cognitive training augments frontal cortex activity [43, 44] and increases the density of dopamine receptors [45] . Recently, Vaughn et al. [46] demonstrated that polymorphisms of dopamine transporter (DAT1) and receptor (DRD2) genes predict affiliation with deviant peers as well as low maternal engagement with the child, leading to behavior undercontrol and polydrug use. Inasmuch as socialization is a protracted process encompassing manifold interpersonal interactions proceeding concurrently with neuromaturation, it is plausible to speculate that prevention interventions directed at potentiating functioning of the neurological substrate integral to psychological self-regulation also concomitantly facilitates normative socialization. Considering that neuromaturation continues into the third postnatal decade [47] , when cannabis use disorder is at peak prevalence [48] , there is a limited window of opportunity to modify the neural circuitry underlying psychological self-regulation.
Performing household tasks has, historically, serendipitiously facilitated normative socialization. However, less help is currently required concomitant to automation, fewer children in the family, routine consumption of prepared food and eating at quick-service restaurants. Parents thus have less need and fewer opportunities to provide direction to their children in the course of everyday routines, thereby allowing children more time for solitary or unsupervised activities. Accordingly, a deliberate effort by parents to assign and oversee ageappropriate household tasks for their children may be an effective in vivo strategy for fostering normative socialization.
Limitations
Several limitations of this study are noted. Importantly, the sample was confined to boys. Girls demonstrate a greater willingness for cooperative behavior and are more socially responsive than boys [49] . Hence, the trajectory to cannabis use disorder described herein may not apply to girls. This study also did not take into account the unique aspects of the relationship each parent has with their son. In addition, the factors underlying the quality of the parent-child relationship were not investigated. Considering that type and effectiveness of parent discipline behavior predisposing to offspring's substance abuse is the product of both parent and child characteristics [25] , it remains to be determined how the psychological features comprising transmissible liability interacts with parental characteristics to influence overall SUD risk. Furthermore, the outcome variable in this study was circumscribed to cannabis use disorder. Although this is the outcome of the most prevalent illegal drug used by youth, future research needs to examine whether the same developmental trajectory culminates in other types of SUD.
In summary, individual susceptibility (transmissible risk), parent-child relationship and cooperatively performing household tasks are intercorrelated in preadolescent boys. These characteristics are predictors of quality of socialization in mid-adolescence leading to drug use and subsequently cannabis use disorder in adulthood. From the etiological perspective, these findings illustrate that deviant socialization promoting risk for cannabis use disorder results from both psychological characteristics having significant genetic contribution and contextual influences. From the standpoint of prevention, interventions need to attenuate the psychological characteristics comprising transmissible risk while simultaneously improving the quality of parent-child relationship to consolidate prosocial behavior leading to normative socialization.
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